1. The uptake of 5-methyltetrahydrofolate (MTHF) and folic acid (pteroylmonoglutamate) by enterocytes and brush-border-membrane vesicles prepared from the small intestine of the 6-d-old male goat was determined using a rapid-filtration assay.
Brush-border-membrane vesicles isolated from the whole small intestine have recently been used to study folate absorption in the rat (Selhub & Rosenberg, 1981) . It was claimed that the properties of brush-border-membrane vesicles should reflect events occurring at the lumen border of the cell without the complication of effects of metabolism within the enterocyte or transport at the basolateral membrane. On the other hand, Eilam et al. (198 1) have used enterocytes isolated from chick intestine. Both groups found that uptake of folates took place by means of a saturable carrier-mediated mechanism, but K , values for folic acid (pteroylmonoglutamate) uptake differed by an order of magnitude. It is not known whether the discrepancies represent species differences or resulted from the use of two different types of preparation.
The studies presented here compare the characteristics of the folate transport process in both enterocytes and brush-border-membrane vesicles isolated from the small intestine of the 6-d-old goat. A preliminary account of this work has been presented (Blakeborough & Salter, 1985) . of washed cheese-cloth and centrifuged at 500 g for 3 min at room temperature. The cell pellet was resuspended in 10-30 ml growth medium (Ferland & Hugon, 1979) . The suspension was centrifuged again using the same conditions and the sedimented cells resuspended in growth medium at 0.5-3 x lo7 cells/ml, held at 37" and continuously gassed with 0,-CO, (95 : 5, v: v) . The preparation took approximately 2 h to complete from the time of killing the animal, and uptake experiments with enterocytes commenced immediately. Preincubation times were controlled to be identical for each type of experiment.
Enterocyte counts and viability Samples of the enterocyte preparation were taken at approximately hourly intervals during the course of experiments for total and viable cell counts. The cells were stained with a mixture of Acridine Orange and ethidium bromide and viability assessed using a modification of the method of Ford (1979) for lymphoid cells. Samples of the suspension (100 p1) were mixed with an equal volume of dye solution (Acridine Orange (0.5 mg/ml) and ethidium bromide (0.02 mg/ml) in 0.05 M-phosphate buffer, pH 7.4, with sodium hydroxide) and counted in a haemocytometer using a fluorescence microscope. Viable cells fluoresced bright green, damaged or dead cells stained red. The proportion of viable cells in the enterocyte suspension declined gradually from 80.1 (SE 2.6) YO when first prepared to 67.4 (SE 4.2) YO after 8 h (mean for ten different cell preparations). Microscopic examination showed that the viable cells retained their structural integrity throughout this period.
Preparation of brush-border-membrane vesicles
Brush-border-membrane vesicles were prepared from the entire small intestine of 6-d-old goats. The intestine was excised, rinsed with ice-cold 0.15 M-NaCl, then frozen at -20". Brush-border-membrane vesicles were prepared from this frozen tissue, as described by Booth & Kenny (1974) . Vesicles were frozen at -20" for storage for up to 4 months without loss of shape or enzyme activity. The purity of the vesicles was assessed by alkaline phosphatase (EC 3.1 .3.1) assay, a marker enzyme for the brush border. Preparations showed purifications over the initial mucosal homogenate of 13-20-fold. Brush-bordermembrane vesicles appeared as closed, approximately circular vesicles of diameter 0.1-02 pm in the electron microscope under negative staining. Vesicles were maintained on ice, after thawing, until they were used in uptake experiments, which were completed within 2 h. Experimental The buffers used for transport experiments in the range pH 5.0-8.0 were prepared from 50 mM-Hepes, 50 mM-Mes (2[N-Morpholino]etlianesulphonic acid), 50 mM-NaC1, 1 mMMgSO, adjusted to the required pH value with 1.0 M-hydrochloric acid. Experiments at pH 4.0-4.5 were conducted in 50 mM-sodium acetate, 50 mM-Mes, 50 mM-NaC1, 1 mMMgSO, adjusted with 1.0 M-acetic acid. The final volume was 0.5 ml.
[14C]MTHF or [3H]folic acid (1-50 p~) containing 0.03-0.17 pCi 14C or 3H were used as the substrate, and reactions were initiated by adding enterocytes (0.1 ml of the suspension, 0.5-2 x lo6 cells) or brush-border-membrane vesicles (50 pg protein). The reactions continued for 1-30 min at 37" (enterocytes) or 25" (vesicles) and were terminated by the addition of ice-cold buffer (10 mM-Mes, 0-1 5 M-NaCI, of the same pH as the incubation buffer). The lower temperature was used in experiments with vesicles since it has been shown to improve their stability. The cells or vesicles were immediately collected by rapid filtration through membranes of porosity 0.45 pm (Whatman Ltd, Maidstone, Kent). Ice-cold buffer (5 ml) was added to the sample tubes and washed through the filters to ensure quantitative transfer of the cells or vesicles. The filters were then washed with ice-cold buffer ( 2 x 5 ml) to wash away unbound radioactivity. Non-specific binding to enterocytes and vesicles was estimated with zero-time blanks and subtracted from experimental values. Filters were dried in air and transferred to vials. Instagel (Packard Instrument Co. Inc, Illinois, USA) (10 ml) was added to the vials and radioactivity was estimated using liquid-scintillation counting.
Assays Protein was assayed as described by Bensadoun & Weinstein (1976) . Alkaline phosphatase activity was assayed as described by Murer et al. (1976) .
Treatment of results
Initial velocity values were plotted as uptake of folates v. substrate concentration. Values for the uptake of folates at steady-state were plotted as folate taken up at steady-state v. free unreacted folate. Values for K,,, and V, , , were calculated from these values using a non- 
RESULTS
The influence of pH on the uptake of MTHF by enterocytes and brush-border-membrane vesicles is shown in Fig. 1 (a, b) . Uptake was pH dependent and showed an optimum at pH 5.0 for both types of preparation. Uptake of folic acid showed a similar pH dependence and all subsequent experiments were done at pH 5.0. The uptake of folic acid by brush-border-membrane vesicles was progressively decreased as the osmotic pressure of the incubation medium was increased with cellobiose ( Fig. 2) . Extrapolation of the plot of folate uptake Y. the reciprocal of osmotic pressure indicated approximately zero uptake at infinite osmotic pressure.
The influence of the concentration of MTHF in the medium on its rate of uptake is illustrated in Fig. 3 (a, enterocytes ; b, membrane vesicles). Uptake was linear with respect to time for 2-5 min, the rate increasing as the concentration of MTHF increased. Subsequently, uptake slowed and by 10-30 min steady-state was established. It was not possible in these experiments to determine whether efflux of folates occurred. In both enterocytes and vesicles the uptake mechanism showed a trend toward saturation at steadystate as the concentration of MTHF increased. Results for the uptake of folk acid with respect to time were similar to those observed with MTHF ( Fig. 3 ( c , enterocytes; d, membrane vesicles)). The initial velocity of folate uptake, relative to the concentration of MTHF and folic acid, was studied using a reaction time of 1 min. Results for enterocytes are shown in Fig.  4(a) and those for brush-border-membrane vesicles in Fig. 4(6) . Uptake rates increased with increasing folate concentration, being apparently linearly proportional to the initial folate concentration up to approximately 5-7 ,UM, but showed a trend towards saturation at concentrations in excess of 50 ,UM.
Uptake of MTHF and folic acid at steady-state by enterocytes and brush-bordermembrane vesicles was studied using a reaction time of 30 min ( Fig. 5(a, h) ). The magnitude of uptake increased rapidly with increasing folate concentrations up to 20 ,UM. At higher folate concentrations the rate of increase of uptake declined and tended towards saturation with initial folate concentrations in excess of 50 ,UM. These features were observed both for MTHF and folic acid, and between enterocytes and brush-border-membrane vesicles. Values for K , and V,,, were calculated from plots of uptake at initial velocity and steady-state using the MLP computer program and are shown in Table 1 . K, and V,,, were similar, both between enterocytes and brush-border-membrane vesicles, and between MTHF and folic acid.
DISCUSSI(3N
Brush-border-membrane vesicles and enterocyte:s isolated from the small intestine were chosen for these studies of folate absorption in the neonatal kid because they offered the opportunity of studying the initial stages of folate uptake under closely controlled Results for enterocytes are the means of three determinations, whilst those for brush-border-membrane vesicles are the means of six determinations, in both cases, with their standard errors represented by vertical bars. Where no bars are shown the standard errors fall within the experimental points as drawn. The curves were drawn as calculated using the MLP computer program.
conditions. In whole animals folate absorption studies are often difficult to interpret due to problems associated with the entero-hepatic circulation of folate via bile fluid, changes in digesta transit time and the difficulty of producing adequate control diets compatible with normal health. In other work with jejunal segments or everted sacs, it has been impossible to distinguish between factors consequent on the maintenance of the acidic microclimate (Blair & Matty, 1974) at the glycocalyx and factors acting directly on the transport process. Enterocytes produced as described retained their structural integrity and viability for at least 8 h in a holding medium. Tests using Acridine Orange and ethidium bromide at frequent intervals during the course of experiments, showed that active transport mechanisms were maintained throughout the period (Lee et al. 1975; Parks et al. 1979) . Enterocytes produced by the method described were discrete single cells and could therefore be accurately counted under the microscope and assayed by the same rapidfiltration technique used for the brush-border-membrane vesicles in transport experiments. This facilitated direct comparisons.
Both intact enterocytes and membrane vesicles demonstrated features characteristic of folate transport across the intact intestine, including marked pH-dependence and saturable uptake of folates at low concentrations. It is clear therefore that these phenomena may be attributed to processes associated with the brush-border-membrane itself, and are not dependent on metabolic events within the intact cell. Indeed in other experiments on vesicles additions of physiological concentrations of ATP, NADP, glucose or glutamic acid were completely without effect (P. Blakeborough and D. N. Salter, unpublished results) .
In common with the findings for rat intestinal brush-border-membrane vesicles (Selhub & Rosenberg, 1981) , transport of MTHF and folic acid in kid brush-border-membrane vesicles and enterocytes was optimal at pH 5.0. This contrasts with reports that uptake from perfused rat jejunum (Elsborg, 1974) and in everted jejunal sacs (Strum, 1979) was optimal when the intralumen pH was 6.0, but is perhaps more consistent with the existence of an acidic microenvironment with a pH closer to 5.0 than 6.0 immediately adjacent to the brush-border surface (Lucas & Blair, 1978) .
Experiments with cellobiose, a sugar which increases the osmolarity of the medium but is not absorbed, indicated that uptake of folates at the brush-border-membrane surface represented transport rather than binding. The inhibitory effect of such disaccharides is generally ascribed to shrinkage of intravesicular spaces due to the increasing osmotic pressure of the external fluids (Hopfer et al. 1973) . Extrapolation of the plot of folic acid uptake v. the reciprocal of osmotic pressure indicated a slight positive uptake at infinite osmotic pressure. Apparently binding of folic acid to the membrane surface was not a major component of uptake under the conditions of the test at pH 5.0. However, the pHdependence curve of MTHF uptake by brush-border-membrane vesicles showed a shoulder around pH 6.0 very similar to that described for folic acid uptake by rat membrane vesicles by Selhub & Rosenberg (1981) , which may represent the binding activity of the membrane for folic acid reported to occur at higher pH values .
The characteristics of folate transport studied in the experiments reported here indicate that the uptake processes described in brush-border-membrane vesicles were similar to those of intact enterocytes. Thus, transport of MTHF and folic acid was optimal at pH 5.0 for both tissue fractions. Also with brush-border-membrane vesicles and enterocytes the relation between transport of MTHF or folic acid and time was similar : it was rapid and linear for 2-5 min, thereafter declining until steady-state was established in 10-30 min. Results for the initial velocity of transport and steady-state uptake of MTHF and folic acid confirmed that the mechanism of uptake by kid brush-border-membrane vesicles, like that by rat membrane vesicles, was saturable. Similarly, transport of MTHF and folic acid by the isolated cells became saturated at concentrations in excess of 30 PM. It was not possible to distinguish a linear component of uptake at higher concentrations of the folates, as observed in the rat tissues (Selhub & Rosenberg, 1981) .
There are no previous reports of direct measurements of uptake of the naturally occurring form of folate, MTHF, using 14C-labelled 5-methyltetrahydrofolate in brushborder-membrane vesicles or enterocytes. However, other workers (Colman et al. 1981 ; Eilam et al. 1981 ; Selhub & Rosenberg, 1981) used 3H-labelled pteroylmonoglutamate or 3H-labelled methotrexate, and results for MTHF were deduced by competition of unlabelled MTHF for the labelled folate. K, for the saturable components of uptake of MTHF and folic acid respectively were similar for brush-border-membrane vesicles (40.8 and 62.9 p~) and enterocytes (50.9 and 55.2 PM) in the present experiments, and agreed with K, values for folic acid transport in enterocytes from 2-6-week-old chicks (Eilam et al. 1981) . However, they were an order of magnitude higher than those reported for folic acid transport in adult rat brush-border-membrane vesicles (Selhub & Rosenberg, 1981) . It is possible that the transport systems for MTHF in neonatal kid intestine had not yet reached their full potential ; otherwise, these may represent species differences. The observation that transport of MTHF and folic acid showed a common optimum at pH 5.0 supports other evidence (Selhub & Rosenberg, 1981) that the mechanism of uptake is not based entirely on passive diffusion of non-ionized forms of folate (Blair & Matty, 1974) . The findings support the concept of a pH-dependent channel or carrier in the brush-border membrane. That the K, values derived from studies of uptake at initial velocity and steady-state were similar for both membrane vesicles and enterocytes suggests a single mechanism of folate transport in each. Saturation of the uptake mechanism at approximately the same concentration in enterocytes and membrane vesicles seems to suggest that there was little loss of folate by transport of folate out of the cell across the basolateral membrane. This would not be unexpected if transport at the basolateral membrane were optimal at the normally neutral pH prevailing within the intracellular environment.
It may be concluded that both isolated enterocytes and brush-border-membrane vesicles constitute useful in vitro systems for studying the mechanisms of absorption of folates in the small intestine. Clearly, although viable enterocytes represent a more-complete metabolic system, they are difficult to maintain in culture, requiring complex media, and all the components necessary for the initial phase of folate uptake are present in the brushborder membrane. The similarity of transport characteristics measured with enterocytes and brush-border-membrane vesicles provides additional evidence that the latter retain structural and functional integrity despite the high shearing forces used in their preparation, and the long storage life of the membranes (at least 6 months at -20') is a considerable practical advantage.
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